Due to the interaction between branch flow and main stream at confluence zone in open channel, the water level of free surface often varies dramatically. In three dimensional simulations of confluence flow, multi-phase models are usually adopted in treating the free-surface boundary, for example, the Volume of Fluid model. The major dilemma for adopting multi-phase modes is that the method consumes more time and computation resources. In this study, the new mesh technique, the dynamic meshes, is adopted to track the position of free surface. The simulation results show that simulation adopting dynamic meshes converges rapidly and is in good agreement with the experimental data. In addition, simulations and comparisons of different turbulence models coupled with dynamic meshes, rigid lid, or the Volume of Fluid method are carried out to investigate the impact by tracing the free-surface boundary. The simulated position of free surface, velocity distribution, and vector field are all compared to the data collected in the flume test. The results of numerical simulations of confluence flow using the dynamic meshes present much better accuracy than those of Volume of Fluid or rigid-lid method, although they take the same turbulence model.
Introduction

Confluence Flow.
Open-channel confluence flow is common in natural rivers and receives intensive interest in environmental and hydraulic engineering. Previous studies have presented detailed descriptions of flow properties in the confluence region, indicating that the distinctive characteristics of confluence flow are the recirculation zone and secondary circumfluence. Figure 1 (a) shows a schematic of confluence flow structure in the horizontal plane [1] . When two channel flows meet at the confluence, due to the difference of velocity field in main and tributary channels, there is usually a shear plane existing between them, which is recognized as the major source of turbulence generation [2, 3] . With the stagnation zone as the beginning of the shear plane, a separation zone is usually generated downstream of the branch channel and marked as the source of turbulence. In separation zone, velocity magnitude is often small, while the velocity gradient near the edge of the separation zone is large. So the edge of the separation zone performs as another shear plane in the confluence region. Figure 1(b) shows the threedimensional view of the confluence flow [4] . Due to the differences of centrifugal forces along the vertical direction, a secondary circulation is generated [5] [6] [7] . The separation zone and secondary circulation have significant impacts on the sediment transport [2, 8, 9] and the pollutant dispersion [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] in confluence region.
Several issues affect scales of the separation zone and intensity of the secondary circulation. Best and Reid [22, 23] studied the effects of confluence angle and flow rate ratio between main and tributary channels on the flow structure and bed deformation in the confluence region. Ashmore and Parker [24] and Borghei and Sahebari [25] presented the relationship between flow rate ratio and local scour in the vicinity of confluence. Best and Roy [10] , Biron et al. [26, 27] , Bradbrook et al. [28] , Rhoads and Sukhodolov [29] , and Wang et al. [30] pointed out the great importance of bed discordance on the scale of separation zone near the bed and the flow acceleration behind the confluence. Bradbrook et al. [31, 32] and Bryan and Kuhn [33] investigated structural differences between flows with symmetrical and asymmetrical confluence using numerical simulation and flume test, respectively. Biron et al. [34] studied the patterns of water surface topography at a river confluence. In recent years, some numerical models have been proposed for the study of the properties of confluence flow. Due to the vertical nonuniformity of the mean-flow quantities, such as secondary circulation and the scale of separation zone varying along channel depth, three-dimensional numerical models are preferable in this case. Huang et al. [35] performed three-dimensional simulation of right-angle confluence flow and verified the model with experimental data. Based on the model, they further investigated the flow structure under different confluence angles. Biron et al. [36] carried out a three-dimensional simulation of flow in confluence channel with a discordant bed, and the simulation results agreed well with the experiments. With a three-dimensional model, Shakibainia et al. [37] investigated the properties of separation zone and secondary circulation in the confluence region under different angles. By comparing the predictions of both three-dimensional and two-dimensional models with high-quality field data, Lane et al. [38] concluded that the three-dimensional model has a higher predictive ability, particularly if the two-dimensional model is not able to catch the effects on flow structure of secondary circulation. But in these three-dimensional simulations, the free water surface is usually treated as an assumed rigid-lid or captured by multi-phase modes. The position of the free surface cannot be pinpointed accurately, which will further ruin the simulation accuracy of velocity distribution.
The main difficulties in 3D simulation of confluence flow are rapid-change water surface and choice of turbulence models. For the first problem, the simplest way is to treat the free surface as a fixed lid [37] . The simulation of confluence flow is nearly the same as the simulation of flow in combined tubes [39] . By variable porosities in the surface layer of cells and RNG -turbulence models, Bradbrook et al. [16, 31, 32] investigated the controls on secondary circulation and came up with the proposition that velocity ratio is the prime determinant of cross-stream pressure gradient, which initiates cross-stream velocities. They also confirmed that RNG -model can improve model predictions in situations where separation zones form. Biron et al. [36] adopted the same method and turbulence model to investigate the mixing at river confluences. By utilizing the VOF method and RNG -model, Wang et al. [40] carried out three-dimensional simulations to study the effects of bed discordance on the structure of confluence flow. Huang et al. [35] simulated flow structures in a right angle openchannel junction and obtained good agreements between the simulation and experimental measurements by means of the model and a free-surface modification method. Zeng et al. [41] used the sigma coordinate to map the physical domain to a uniform transformed space and Spalart-Allmaras turbulence model and LES, respectively, to consider the effects of turbulence and found that the LES approach is more accurate than the RANS approach.
Dynamic Meshes Techniques.
For most numerical simulations, the first step is meshing the simulation region. When the object to be simulated is solid or fluid in pipes, meshing is not difficult. But when it comes to water in open channels, especially when the surface of water varies, figuring out the position of water surface is not an easy job. The position of the surface is known or assumed at the start, but later its location has to be found out as part of the solution.
Generally, the ways of dealing with the free surface fall into two categories, interface capturing and interface tracking. In interface-capturing methods, computation is carried out in a solution domain that extends over regions occupied by both water and air ( Figure 2 ). During the simulation, variables about meshes with or without water need to be stored and calculated. An additional equation is solved for concentration or volume fraction of one fluid. This costs a lot of computational resources and is very time consuming. Methods, like MAC (Marker and Cell) and VOF (Volume of Fluid), belong to this category. This kind of methods is good at treating complex phenomena like wave breaking but may generate large errors near the interface. For example, the location got by VOF usually has an error about three times the mesh size. Interface-tracking methods treat the free surface as a sharp interface, and grids are advanced each time the free surface is moved ( Figure 3 ). Only one fluid, water, is considered during the simulation. This type of methods saves a lot of storage and calculation capacity but needs efficient and stable algorithms to treat the intersections of free surface with other boundaries. These methods can track the position of free surface accurately, without considering the impact of fluid at the other side of the surface.
Interface-tracking methods can be further divided into two branches: pressure-based interface tracking and fluxbased surface tracking. Before the two tracking methods are introduced here, the boundary conditions at the water surface need to be listed.
The kinematic condition requires no mass flux through the interface. Usually it is expressed as
where is the velocity at the surface and ⃗ is the normal direction of surface. The other boundary condition is the dynamic condition, which requires the force to be acting on the free surface in equilibrium. For water in open channels, the force should be equal to the pressure of the atmosphere. Usually the atmosphere is taken as the reference pressure, so the force will be zero, so = 0.
(
If the two conditions are fulfilled at the boundary, the position of the boundary will be where the surface is. Surface tracking can be accomplished in two ways.
The first way is, during calculation, keeping the pressure at the surface boundary zero all the time (Figure 4(a) ). Then, after updating velocity, there is a fictitious flux at the surface boundary. According to the magnitude of the flux, we modify the position of surface meshes until the flux is sufficiently small. This is how the flux-based surface tracking works.
The other way is, during the iteration, keeping the mass flux through the surface boundary zero (Figure 4(b) ). So after updating of the flow field, there is nonzero pressure at the surface boundary. By the magnitude of pressure, we adjust the position of the mesh until the pressure is small. This is how the pressure-based surface tracking is accomplished.
Self-programmed computer codes adopting the latter way have been embedded into the commercial software ANSYS FLUENT for tracking the position of the free surface. The major advantage of using the pressure-based surface tracking is that the dominant force that water suffers is gravity. For any point in the water, its depth has a nearly linear connection to the pressure. Pinpointing the position of surface based on pressure is more reliable than the flux.
Study Methods
The simulation was conducted by ANSYS FLUENT; the mainstream and branch intake are set as mass flow inlets. Since the velocity distribution at the intakes is usually set as uniform, actually which is not true, the distance from the intakes to the junction corner is extended to eight times the channel width to make the uniform boundary conditions applicable. The outlet is set as pressure outlet with constant level 0.305 m. The free surface is treated as a symmetric plane and self-proposed surface tracking codes are used to update its position. When the VOF method is adopted, the top of simulation region is treated as pressure inlet.
The data of the experiment by Weber et al. [4] are used for verification. The experiments were carried out in a right angle confluence flume with equal width (0.914 m). All the coordinates were normalized by the width, denoted by * , * , and * . The flow conditions of each run of the experiment are listed in Table 1 . Flow rates downstream of the confluence in each run are nearly the same. Figure 5(a) shows the plane arrangement of measuring points, and Figure 5(b) shows the points along the vertical measuring line. There are 17 points in each measuring line. Due to limitations of space, only results of the simulation under flow rate ratio of 0.75 are presented ( Table 2 ). The computational costs are also listed in Table 2 . All the simulations are carried out on a computer with an Intel core 2 E7500 CPU and 2 G memory. For simulations utilizing the dynamic meshes techniques or rigid-lid method, the same meshes are adopted at the initial state. As the meshes for rigid-lid method are not adjusted during the calculation, much shorter computation time is needed. For simulations utilizing VOF method, more meshes are used to increase the accuracy in capturing the free surface.
Three two-equation models, Standard -, and Realizable -and -are utilized to consider the effects of turbulence (Pope, 2000 [42] ; Wilcox, 1994 [43] ). In these models, transport equations of kinetic energy ( ), turbulent dissipation rate ( ), and specific dissipation rate ( = / ) are solved to obtain the turbulent viscosity (] = 2 / or ] = / ). The Standard -model shows good performance in simulating fully turbulent flows and has been found to work fairly well for a wide range of wall-bounded and free shear flows. The Realizable -model is a modified version of Standard -model and provides the best performance for several validations of separated flows and flows with complex secondary flow features. Studies show that the -model has better accuracy for predicting free shear flows. In confluence flow, free shear flow, separated flow, and secondary flow occur at the same time, and it is a good chance to verify the performance of the three turbulence models. Figure 6 shows the mesh used in the simulation, and Figure 7 shows the three-dimensional view of the mesh at the beginning and the end of each simulation. For convenient observation, the to and coordinates ratio has been changed. The prismatic mesh has a triangular projection in the horizontal plane and rectangular projection in the vertical plane. This makes the moving nodes of the same face at the free surface be always in one plane, and no negative volumes come out during the calculation.
Results and Discussion
3.1. Water Levels. Figure 8 shows the contour of free surface levels obtained by experiment and different turbulence models. Comparisons among them at three sections are presented in Figure 9 . Figure 9 shows clearly that as the dynamic meshes techniques are adopted, the predicted water levels are in very satisfactory agreement with the observed ones. Turbulence models present little impacts on the accuracy of surface tracking, although the errors are a bit larger in the confluence zone ( * = −4∼0). However, when the VOF method is utilized, much poor results are presented. These observations suggest that the proposed surface-tracking codes perform perfectly in the simulation.
Longitude
Velocity. Figure 10 presents the distribution of velocity component * at section * = −3. From the scale of separation zone (positive * ) point of view, the result from the realizable -model shows best agreement with the experimental data. The results from the standard -model and -model exhibit larger sizes. From the magnitude of velocity point of view, the peak region ( * < −1.4) obtained by the realizable -model and -model coupled with VOF method is smaller than the experiment results, while standard -model predicts a larger region. The rigid-lid treatment for the surface is by no way correct. The -model shows best agreement among the three models. Figure 11 shows the circulation at section * = −3. It can be seen that all the three turbulence models, either coupled with dynamic meshes or VOF method, can predict the circulation cells correctly except the result got by treating the surface as rigid lid. But the predicted magnitude of the circulation (denoted by the length of vector) is a bit smaller than the experimental measurements. Figure 12 presents the distribution of TKE at section * = −3. It can be seen that standard -model, realizable -model, and -model coupled with VOF method all overpredicted the magnitude of TKE. The results got bymodel show best agreement while the simulation with rigidlid surface is much inaccurate.
Section Circulation.
The above analyses do not lead to a sound conclusion about which turbulence model performs the best in all respects. Either realizable -or -model shows better accuracy at different occasions, and the standard -model shows poor agreement under most conditions. Themodel is preferable for simulation of confluence flow.
Conclusions
In the three-dimensional simulation of confluence flow, three types of surface treating methods: rigid lid, VOF, and selfproposed codes with dynamic meshes techniques, are used to track the surface position. Several two-equation turbulence models are also adopted to consider the influence of turbulence. The simulation results show that different surface treating methods impact the simulation accuracy greatly, although the same turbulence model is adopted. The rigid-lid method treats the free surface as an assumed surface, which generates great error when the actual surface varies largely. The VOF method captures free surface by a multi-phase model, which shows better accuracy than that of rigid-lid method, but still presents poor accuracy when the water flow is shallow. When the dynamic meshes techniques are utilized, good agreement with the experimental data is obtained and turbulence models show little impact on the tracking of water levels. For the velocity distribution, -model is preferable for simulation of confluence flow.
